Introduction
============

Ursolic acid (UA) and its isomer oleanolic acid (OA) are pentacyclic triterpenes which naturally coexist in many herbs, and draw much attention due to their various biologic activities, such as anti-inflammatory, antioxidative, anti-protozoal, anti-mutagenic and anti-cancer properties^\[^[@R1]--[@R4]^\]^. The chemical structures of OA and UA are shown in ***Fig. 1***; they have similar structures except the location of one methyl group on ring E, which leads to a great difference in physicochemical properties. Though both UA and OA have numerous pharmacological effects, their biologic activities are limited due to their poor water-solubility. Various drug delivery systems, such as micelles, inclusion complexes, nanoparticles, and liposomes, have been developed to improve the solubility and bioavailablity of lipophilic drugs^\[^[@R5]^\]^. A promising solution to the solubility problem of lipophilic drugs might be the formation of its inclusion complexes with cyclodextrins (CDs).

Fig.1Chemical structure of oleanolic acid (A) and ursolic acid (B).

CDs are cone-shaped cyclic oligosaccharides composed of an α-(1, 4) linkage in their C ~1~ chair conformation. The most common members are α-, β-, and γ-CD, which contain 6, 7, and 8 units of glucopyranose, respectively^\[^[@R6]^\]^. With a hydrophilic outer surface and hydrophobic cavity, CDs become one of the most promising hosts for constructing inclusion complexation due to its good biocompatibility and excellent capacity to encapsulate a variety of small guest molecules^\[^[@R7]--[@R10]^\]^. Up to present, many guests of suitable size and shape are known to form inclusion with specific CDs and solubility was significant increased. The intermolecular forces which lead to the formation of inclusion complexation should include van der Waals interaction, electrostatic interaction, hydrogen bonding, hydrophobic interaction, charge-transfer interaction, release of conformational strain and exclusion of cavity-bound high-energy^\[^[@R11]^\]^.

In the last decade, CDs have been widely used to form inclusion complexes with various drugs for different purposes, the investigation of such interaction with unstudied drugs or existing ones is of great importance; this includes the subject of this work, namely triterpenes acid-based drugs^\[^[@R12]-[@R13]^\]^. Among the CDs, β-CD is the most commonly used, based on its low cost, availability, and complex-forming capacity. For these reasons, the main objective of the present study was to prepare and compare the inclusion complex of the isomer drugs, UA and OA, with β-CD in the aqueous and solid state.

In this paper, UV spectroscopy and ^1^H NMR were used to study the interaction of β-CD with UA and OA in solution. To explore host-guest interaction, the complexes were characterized*via* phase solubility diagram, and then the thermodynamic parameters were also obtained to evaluate the driving forces to complex formation. In addition, the formulations of β-CD: UA inclusion complex (β-CD-UA) and β-CD: UA inclusion complexes (β-CD-OA) were optimized and the characteristics were determined by DSC and X-ray diffraction. Furthermore, the most probable structure of 1:1 inclusion complex was proposed by molecular docking studies.

Materials and methods
=====================

Materials
---------

Oleanolic acid (OA, purity\>98%) and ursolic acid (UA, purity\>98%) were purchased from Shanxi Huisheng Medicament Technology Corp. (Shanxi, China). β-cyclodextrin (β-CD) was kindly provided by Guangdong Yunan Circlar Dextrin Factory (Guangdong, China). High performance liquid chromatography (HPLC) grade methanol was obtained from Shanghai Ludu Reagent Co. (Shanghai, China). Acetic acid (AR grade) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd (Shanghai, China). All other chemical were of analytical reagent grade.

The interaction of β-CD with OA and UA in aqueous solution
----------------------------------------------------------

One-dimensional ^1^H NMR spectra for UA, OA, β-CD and their complexes were recorded on a Bruker AV400 MHz spectrometer using an inverse broadband (BBI) probe at room temperature. Samples were dissolved in DMSO-d6.

Furthermore, absorption spectra obtained with various concentrations of β-CD (0 to 1.44 mmol/L) and added to a constant drug (0.03753 mmol/L UA or 0.038715 mmol/L OA) concentration in ethanol/water (50%, v/v) were scanned by the UV spectrophotometry (Shimadzu UV-2401 visible spectrophotometer, Shimadzu Corp., Tokyo, Japan). The stability constant was calculated according to the modified Benesi-Hildebrand equation Eq. (1) assuming the formation of a 1:1 host-guest complex^\[^[@R14]^\]^.

$$\frac{1}{\mathit{\Delta}A} = \frac{1}{K\mathit{\Delta}\mathit{\varepsilon}\left\lbrack D \right\rbrack_{0}}\operatorname{}\frac{1}{\left\lbrack {CD} \right\rbrack_{0}} + \frac{1}{\mathit{\Delta}\varepsilon\left\lbrack D \right\rbrack_{0}}$$ Where $\Delta A$ was the change in absorbance of drugs at λmax in the presence and absence of β-CD. $\left\lbrack D \right\rbrack_{0}$ and $\left\lbrack CD \right\rbrack_{0}$ were the total concentration of added drug and β-CD, respectively. $\Delta\varepsilon$ represented the difference in molar absorptivities between the free drug and the inclusion complex, and $K$ was the stability constant.

HPLC
----

A HPLC method with UV detection at 210 nm was used to determine the concentration of OA and UA as described in our previous studies^\[^[@R15]--[@R17]^\]^. Dikma Kromasil (100 A C18 5 μm 250 × 4.6 mm) was used for separation and the mobile phase was methanol-water-acetic acid (95:5:0.2, v/v/v). Samples were eluted in isocratic mode with a flow rate of 1.0 mL/minute at 30°C, and the sample injection volume was 20 μL.

Phase solubility analyses
-------------------------

Phase solubility diagrams at different temperatures (298, 308 and 318 K) were obtained according to the method of Higuchi and Connors^\[^[@R18]^\]^. Briefly, an adequate amount of UA or OA was mixed in buffer solution (pH 9, 0.2 mol/L HBO ~3~-Na ~2~B ~4~O ~7~·10H ~2~O) with β-CD of an increasing concentration ranging from 4 to 8 mmol/L. The samples were continuously shaken for 48 hours after which the equilibrium was reached, and then the suspensions were filtered through a 0.45 μm membrane filter. The filtrate was dissolved in 2 mL MeOH, and sonicated for 30 minutes followed by diluted appropriately for HPLC analysis.

The apparent stability constants $K_{1:1}$ were calculated from the corresponding phase solubility diagrams according to the following formula: $$K_{1:1} = \frac{slope}{S_{0}\left( 1 - {slope} \right)}$$Where the $slope$was obtained from the plot of UA or OA concentration against β-CD concentration and $S_{0}$ was the intrinsic solubility of UA or OA in water.

Complexation efficiency (CE) was defined as the solubilizing efficiency of CDs for guest molecule. Based on the results of the phase solubility studies, CE of β-CD for UA and OA was determined using the following equation: $${CE} = \frac{\left\lbrack {D/{CD}} \right\rbrack}{\left\lbrack {CD} \right\rbrack} = K_{1:1}S_{0} = \frac{slope}{1 - {slope}}$$Where $\left\lbrack {D/{CD}} \right\rbrack$ denoted the concentration of dissolved complex, $\left\lbrack {CD} \right\rbrack$ was the concentration of dissolved free β-CD and slope was the slope of the phase-solubility profile.

Preparation of solid systems
----------------------------

The solid systems of UA or OA with β-CD were prepared by the stirring method. Briefly, β-CD (0.5 mmol) was solubilized in 30 mL water and an excess amount of UA or OA (0.5 mmol) was added to it. The suspension was stirred at 20°C for 6 hours. The suspension was then filtered through a 0.45 µm Millipore filter and the filtrate was dried by lyophilizer.

Generally, there were many factors that may influence the preparation of the inclusion complexation of β-CD with drug. To investigate the factors which complicatedly affect the preparation, the orthogonal test was used. The orthogonal array was designed and a L ~9~ (3^4^) table was set as shown in***Table 1***. The factors were included the molar ratio of drug and β-CD, the time of stirring, the stirring speed, and the temperature of preparation.

###### 

Factor and level of orthogonal experiment design.

  Level   Factor             
  ------- -------- --- ----- ----
  1       1:1      4   200   20
  2       1:5      6   300   30
  3       1:10     8   400   40

Determination of drug loading dosage and solubility of the inclusion
--------------------------------------------------------------------

The drug loading dosage of complex was determined as described: dried samples (0.05 g) of UA-β-CD or UA-β-CD was dissolved in 5 mL MeOH, and sonicated for 30 minutes after votexingt for 10 seconds. Then, the samples were filtered through a 0.45 μm membrane filter followed by diluted appropriately for HPLC analysis. Drug loading dosage (DL) of the inclusion was calculated as Eq. (4): $${DL} = \frac{W_{D}}{W_{C}} \times 100\%$$Where $W_{D}$ denoted the weight of drug loaded in the inclusion, $W_{C}$ was the weight of the complex.

To determine the solubility of the complex in water, an excess amount of solid complexes were dispersed in 5 mL of distilled water. The flasks were vortexed for 5 minutes and filtered through a 0.45 μm membrane filter followed by dilution appropriately for HPLC analysis.

Solid state characterization
----------------------------

### *Differential scanning calorimetry (DSC)*

DSC thermograms of pure materials, inclusion complexes as well as physical mixtures were determined by Netzsch 204 (Netzsch-Geraetebau GmbH, Selb, Germany) differential scanning calorimetry (DSC). About 5 mg of each sample was weighed into an aluminum pan and sealed hermetically, the scanning rate was 10°C/minute, and the scanning temperature range was from 30°C to 350°C.

### *Xray diffraction (XRD)*

The XRD patterns of samples including UA, OA, β-CD, their complexes and physical mixture were obtained using a Rigaku D/max-rC rotating anode X-ray powder Diffractometer (2500 xt/PC, Akishima-shi, Tokyo, Japan) equipped with a scintillation counter and Cu K ~*a*~ ~1~ radiation source (wavelength was 0.15406 nm), a voltage of 40 kV, and a current of 100 mA. The samples were scanned with the diffraction angle increasing from 3 to 85° (2β), in continuous scan mode increasing at a step size of 0.02.

Molecular modeling
------------------

To rationalize and confirm the experimental results described above, the molecular models of the complexes were calculated. For both inclusion complexes, OA-β-CD and UA-β-CD, two orientations I and II with carboxyl and hydroxyl groups being inserted into the cavity of β-CD, respectively, were constructed, as shown in***Supplementary Fig. 1***(available online). Then, geometric optimizations were carried out in the framework of density functional theory (DFT) at B3LYP/6-31G (d) level. Frequency calculations were performed to verify whether the optimized geometries were the minima. To evaluate the solvent effects on the electronic structures and energetic properties of the studied systems, DFT methods through polarized continuum model^\[^[@R19]-[@R20]^\]^ (PCM, dielectric constant ε = 78.39 for water) were applied. The interaction energies ( $\Delta E$) between β-CD and OA (or UA) were calculated as following equation: $$\mathbf{\Delta}E = E^{\beta - {CD}} + E^{{OA}({or}{UA})} - E^{complex}$$Where $E^{\beta - CD}$, $E^{OA（orUA)}$, and $E^{complex}$ were the monomer energies of β-CD and OA (or UA) and the complex energy of β-CD-OA (or β-CD-OA). All the QM calculations were performed with Gaussian 09 program^\[^[@R21]^\]^.

The van der Waals and electrostatic interaction term between β-CD and OA (or UA) were analyzed in the polymer consistent force field (PCFF)^\[^[@R22]--[@R25]^\]^, which had been successfully used for describing the conformational and energetic properties of macrocyclic complexes^\[^[@R26]^\]^. It has been demonstrated that the polarization model, with conformation-dependent partial charges, is able to reasonably describe the conformations of various organic compounds and peptides in aqueous solutions^\[^[@R27]-[@R28]^\]^. Thus, the natural bond orbital (NBO)^\[^[@R29]^\]^ charges of the optimized minima were calculated and embedded into the force field calculations. The van der Waals (*U*^*VdW*^) and electrostatic (*U*^*Elec*^) functionals were expressed in Eq. (6) and (7): $$U^{vdw} = {\sum\limits_{i > j}\left\lbrack {\frac{A_{ij}}{r_{ij}^{9}} - \frac{B_{ij}}{r_{ij}^{6}}} \right\rbrack}$$ $$U^{Elec} = {\sum\limits_{i > j}\frac{q_{i}q_{j}}{\varepsilon r_{ij}}}$$

In these equations, $A_{ij}$ and $B_{ij}$ were the repulsive and dispersive parameters between atoms ***i*** and ***j***, respectively; $r_{ij}$ was the distance between atoms ***i*** and *j*; $q_{i}$ and $q_{j}$ were the atomic partial charges centered on atoms ***i*** and ***j***, respectively; $\varepsilon$ was the dielectric constant. Here, the electrostatic parameter $q_{i}$ and $q_{j}$ were obtained through the NBO calculations at B3LYP/6-31G (d) level^\[^[@R27],[@R28]^\]^. Other parameters came from the standard PCFF force field^\[^[@R22]--[@R25]^\]^.

Results
=======

^1^H NMR studies
----------------

^1^H NMR spectroscopy is the most effective technique to confirm the formation of CD inclusion as it provides direct and detailed evidence and information^\[^[@R30]^\]^. The formation of inclusion complexes generally leads to a notable change of the chemical environment of guest molecules, which is associated with the chemical shift values of both host and guest protons^\[^[@R31]^\]^. Compared with the corresponding free drug molecule, carboxyl peak at δ 12 ppm of UA and OA disappeared in the complex (***Fig. 2***). Further, the chemical shifts of methyl protons (δ 1 ppm) and double bound protons (δ 5.15 ppm) of UA and OA were also moved in upfield significantly, because when UA (or OA) monomer entered into the nano hydrophobic cavity of β-CD, the change of the micro-environment of UA and OA protons resulted in the upfield shift in the ring protons.

Fig.2^1^HNMR spectra of OA and UA in β-CD solutions.(A) OA, (B) UA, (C) β-CD, (D) OA in β-CD solution, (E) UA in β-CD solution.

UV-visible spectral studies
---------------------------

When the guest molecule was included inside the CD cavity, its spectral characteristics exhibited notable changes. Thus, UV-vis spectrophotometric studies of the interactions of host with guest molecule can be used to determine the stability constants of the inclusion complexes through the spectral changes related to the formation of the inclusion complexes.

The effects of β-CD on the UV-vis absorption spectra of UA and OA are illustrated in ***Fig. 3***. As can be noticed in ***Fig. 3A***, the absorption spectra of both UA and OA showed an obvious decrease in the absorbance as well as the shift of the position of the λ ~max~ to longer wavelengths (2-3 nm shift), i.e. bathochromic effect. The reason which was responsible for the phenomenon can be attributed to change of the drug molecules' environment that the drug was transferred from the polar aqueous phase to the less polar β-CD cavity. Moreover, due to the inclusion of UA or OA by β-CD cavity, the substituent or conjugated structure of the electron delocalization was restricted, which led to the decrease in the absorbance.

Fig.3The effects of β-CD on the UV-vis absorption spectra of UA and OA.A: Absorption spectra of OA (0.038715 mmol/L) and UA (0.03753 mmol/L) in the presence of growing concentration of β-CD (mmol/L): 0 to 0.89 (a to f). B: Calculated stability constant (K) with coefficient of determination (R^2^) from UV absorption spectra.

Furthermore, K for the formation of inclusion complexes was identified by analyzing the changes in the absorbance as a function of the β-CD concentration. The calculated formation constants are shown in***Fig. 3B***. Generally, the K values for UA-β-CD system were slightly higher than that of OA-β-CD system.

Phase-solubility studies
------------------------

The phase solubility diagrams of both UA and OA toward β-CD at different temperatures are shown, respectively, in ***Fig. 4***. The solubility of UA and OA in presence of β-CD increased with an increase in temperature. In addition, it can be observed that the apparent solubility of UA and OA increased linearly as a function of β-CD concentration over the entire concentration range studied. The same behavior was observed at each of the temperatures studied.

Fig.4Phase-solubility diagrams of OA and UA with β-CD in buffer solutions (pH= 9) at various temperatures.

***Table 2*** displays the values of the stability constants K and complexation efficiency CE of UA and OA with β-CD at different temperatures (298, 308 and 318K). K ~1:1~-values calculated from Eq. (2) by using S ~0~ resulted in significantly larger K ~1:1~-value than when S ~int~ was used, although both positive and negative deviations were observed. Furthermore, the difference between the two K ~1:1~-values was increased with decreasing S ~0~. Thus, for poorly soluble drugs, the observed CE was more efficient to evaluate the solubilizing effect of cyclodextrin. It was worth noting that CE for β-CD with UA and OA were increased as the increasing temperature, which contributed to the higher solubility at high temperature. However, the decreased value of K, which represented the affinity of the cyclodextrin for both ionized and nonionized drug, indicated the exothermic nature of inclusion complexation^\[^[@R32]-[@R33]^\]^. In addition, it can be observed as well that both CE and K of UA were higher than those of OA at all temperatures, which was attributed to the little steric interference in agreement with UV-vis absorption study.

###### 

The parameters of OA-β-CD and UA-β-CD in buffer solutions (pH=9) at various temperatures. (n=3)

                         OA-β-CD   UA-β-CD                              
  ---------------------- --------- --------- -------- -------- -------- --------
  CE(%,W/W)              0.142     0.198     0.209    0.200    0.209    0.227
  K ~So~(L·mol^-1^)      7878      7770      7702     25189    20177    14372
  K ~Sint~(L·mol^-1^)    208       318       328      − ^a^    2517     3606
  ΔG(KJ·mol ^-1^)        −22.23    −22.94    −23.66   −25.11   −25.38   −25.31
  ΔH(KJ·mol ^-1^)        −891      −885      −891     −22073   −22244   −22066
  ΔS(J·mol ^-1^·K^-1^)   71.60     10.46                                

Data are the mean of three determinations.

K~So~: The stability constant calculated from Eq. (2) using S~0~; K~Sint~: The stability constant calculated from Eq. (2) using S ~int.~-^a^: Sint\<0.

Other information can be obtained from the phase solubility data, such as the thermodynamical parameters involved in the complex formation. The integrated form of Van't Hoff equation (Eq. (8)) allowed to calculate the values of enthalpy and entropy changes, in dependence of the variations of the stability constants with temperature^\[^[@R34]--[@R38]^\]^: $$lnK = - \frac{\mathbf{\Delta}H}{RT} + \frac{\mathbf{\Delta}S}{R}$$

The Van't Hoff plots for the complexes UA-β-CD and OA-β-CD showed a linear behavior, as reported in***Fig. 4***. The relative thermodynamic parameters were calculated and are shown in ***Table 2***. The negative values of enthalpy changes ( $\mathbf{\Delta}H$) indicated that the interaction processes of both UA and OA with β-CD were exothermic. In contrast, the positive change of $\mathbf{\Delta}S$ was owing to the increased degrees of freedom, due to the highly ordered solvent molecules inside CD cavity and surrounding the guest molecules were displaced. Interestingly, the complex formation in OA-β-CD showed larger $\mathbf{\Delta}S$ and smaller $\mathbf{\Delta}H$ compared with that in UA-β-CD. Therefore, we concluded that the major driven force in OA-β-CD and UA-β-CD was entropy and enthalpy, respectively.

These results indicated that the complexation of UA and OA with β-CD had occurred. The free energy changes ( $\mathbf{\Delta}G$) for the interactions involved in the complex formation were calculated using the Gibbs equation (Eq. (9)): $$\mathbf{\Delta}G = - RTlnK$$

The negative values of $\mathbf{\Delta}G$ for UA and OA, in ***Table 2***, showed that both complexations were spontaneous processes under the experimental condition.

Optimization of solid inclusion complex preparation
---------------------------------------------------

There are many methods to prepare the inclusion complexes by previous literatures, and parts of them are suitable to prepare the inclusion of β-CD with OA or UA^\[^[@R39]-[@R40]^\]^. To ensure the experiment precision, we first investigated several preparation methods which could be easily established by single factor analysis, including triturating, ultrasonic and stirring method. According to the results in***Supplementary Table 1*** (available online), although the kneaded products exhibited a higher drug loading, the solubility showed a limited improvement because the drugs were mostly dispersed in the complexation instead of being included. However, the stirred products were included better and can be achieved more easily, so the stirring method was chosen.

The statistical results of the orthogonal test are shown in ***Table 3*** and ***Table 4***. From the R value in ***Table 3*** and ***Table 4***, we found that the effect of each factor on the drug loading of OA-β-CD decreased with the order of C, A, D, B, while it was D\>C\>A\>B of UA-β-CD. The results revealed that the speed of stirring (factor C) had a significant effect on the preparation of OA-β-CD (***Table 3***). The maximum drug loading of UA-β-CD was achieved under the conditions of A1B2C2D2, which was 0.19% (***Table 4***). Moreover, ***Table 3*** and ***Table 4*** show that the drug loading of both OA-β-CD and UA-β-CD were not satisfied during the entire test, and the drug loading of OA-β-CD was far above which of UA-β-CD.

###### 

Results from L9 (3^4^) orthogonal test for optimization of OA-β-CD complexes preparation.

  Group   A      B      C      D      DL (%, W/W)
  ------- ------ ------ ------ ------ -------------
  1       1:1    4      200    20     0.40
  2       1:1    6      300    30     1.02
  3       1:1    8      400    40     1.92
  4       1:5    4      300    40     0.84
  5       1:5    6      400    20     1.70
  6       1:5    8      200    30     0.24
  7       1:10   4      400    30     0.95
  8       1:10   6      200    40     0.43
  9       1:10   8      300    20     0.75
  K ~1~   3.33   2.19   1.07   2.85   
  K ~2~   2.79   3.15   2.62   2.21   
  K ~3~   2.13   2.91   4.56   3.19   
  R       1.21   0.96   3.49   0.98   

###### 

Results from L9 (3^4^) orthogonal test for optimization of UA-β-CD complexes preparation.

  Group   A      B      C      D      Drug loading dosage (%, W/W)
  ------- ------ ------ ------ ------ ------------------------------
  1       1:1    4      200    20     0.14
  2       1:1    6      300    30     0.19
  3       1:1    8      400    40     0.11
  4       1:5    4      300    40     0.08
  5       1:5    6      400    20     0.17
  6       1:5    8      200    30     0.10
  7       1:10   4      400    30     0.13
  8       1:10   6      200    40     0.06
  9       1:10   8      300    20     0.16
  K ~1~   0.44   0.35   0.30   0.47   
  K ~2~   0.34   0.42   0.43   0.42   
  K ~3~   0.35   0.37   0.41   0.25   
  R       0.10   0.07   0.13   0.22   

Solid state characterization
----------------------------

### *Differential scanning calorimetry (DSC)*

The DSC method offers useful insights on host-guest solid state interactions. In general, with the guest molecules entering into CD nanocavities, the melting and sublimation points will shift to different temperature or disappeared^\[^[@R41]^\]^. DSC thermograms for OA, UA, β-CD as well as the corresponding inclusion complexes and physical mixture are shown in***Fig. 5***. As can be noticed from ***Fig. 5(a)***, β-CD showed a very broad peak, which attained a maximum around 110°C due to release of water molecules and peak at approximately 330°C corresponding to its melting point. However, in pure OA and UA, a sharp endothermic peak which was characteristic meting point of anhydrous crystalline was obtained at 312°C and 289°C. Comparison of the DSC curves of physical mixture with the inclusion complexation prepared by stirring method confirmed an interaction between β-CD and UA (or OA). In fact, the characteristic peaks observed in the individual guest molecules were found in the physical mixture. Interestingly, the disappearance of the melting peak of drug molecules and a notable shift in the position of β-CD dehydration peak toward lower temperature was observed in the inclusion complexation system, respectively, which indicated molecular encapsulation of the drug inside the CD cavity.

Fig.5DSC thermograms.A: β-CD, B: OA, C: OA-β-CD, D: OA and β-CD physical mixture, E: UA, F: UA-β-CD, G: UA and β-CD physical mixture.

### *XRD analysis*

XRD is a supplementary technology for the formation of CDs inclusion complexes. The diffractograms of UA, OA, β-CD and their relative physical mixtures and inclusion complexes are presented in***Fig. 6***. As illustrated in ***Fig. 6A***, β-CD exhibited many crystalline peaks between 5° and 85°, indicating that β-CD mainly existed in a crystalline form. Similarly in OA and UA, the crystalline nature was confirmed by a series of sharp peaks. The XRD of the physical mixture of drugs (OA or UA) and β-CD showed approximate superimposition of the individual components patterns, confirming that no chemical association was occurred, and both kept their original physical characteristics. In contrast, the XRD spectrum of the inclusion complexes showed considerable diversity when comparing with the pure drugs as well as β-CD. Through comparative analysis of existing data, we considered that the crystal structure of β-CD and inclusion complex were different, which indicated the formation of inclusion complex.

Fig.6X-ray thermograms.β-CD, B: OA, C: OA-β-CD, D: OA and β-CD physical mixture, E: UA, F: UA-β-CD, G: UA and β-CD physical mixture.

Molecular modeling studies
--------------------------

The theoretical calculations using DFT method at B3LYP/6-31G (d) level were employed to understand the mechanism of the inclusion complexation of OA and UA into β-CD. Two possible orientations were considered, including the carbonyl group oriented to the center of the CD cavity, named orientation I, and the hydroxyl group oriented to the center of the CD cavity, named orientation II (***Supplementary Fig. 1***, available online). The optimized OA-β-CD and UA-β-CD complex structures with orientation II are shown in ***Supplementary Fig. 2***, available online. During the optimization, the OA and UA molecules moved out from the β-CD. In contrast, the most stable structures for both OA-β-CD and UA-β-CD were demonstrated to have orientation I in which the carbonyl group was located within the CD cavity through intermolecular hydrogen bonds (***Fig. 7***).

Fig.7Optimized structures as well as hydrogen-bonding parameters of the OA-β-CD (A) and UA-β-CD (B) complexes with hydroxyl group being inserted in the cavity of β-CD (orientation II) at B3LYP/6-31G (d) level.

The energetic parameters (in atomic unit, a.u.) of β-CD, OA and UA and their complexes calculated in gas phase and aqueous solutions are summarized in***Supplementary Table 2***, available online. Furthermore, the interaction energies (Δ*E*, in unit of kcal/mol) were calculated to quantify the interaction of β-CD with OA and UA (***Fig. 8A***). The interaction energy of β-CD with UA was 32.95 (23.82) kcal/mol in aqueous solution (gas phase), higher than that of β-CD with OA, 12.70 (22.63) kcal/mol in aqueous solution (gas phase).

Fig.8Van der Waals interaction between β-CD and UA or OA.A: Total interaction energy (kcal/mol) in gas phase and aqueous solution calculated at B3LYP/6-31G (d) level. B: van der Waals and electrostatic interaction energy (kcal/mol), obtained through PCFF force field with conformation-dependent NBO charges, of β-CD with OA and UA.

To understand the complexation mechanism, the hydrogen bonding parameters were investigated. As shown in ***Fig. 7***, there were two intermolecular hydrogen bonds, including O1 -- H5···O2, which was formed between H atom in the carbonyl group of OA (and UA) and O atom in β-CD, and C4 -- H6···O3, which was formed between the O atom in the carbonyl group of OA (and UA) and H atom bonding to C atom in β-CD. For both O1 -- H5···O2 and C4 -- H6···O3, the hydrogen bonding lengths in UA-β-CD (1.83 and 2.24 Å) were shorter than those in OA-β-CD (1.86 and 2.30 Å). The hydrogen bonding angles in UA-β-CD (159.0 and 179.7°) were larger than those in OA-β-CD (155.8 and 168.3°). On the other hand, the van der Waals interaction between β-CD and UA was comparable to that between β-CD and OA (***Fig. 8B***), due to the small structural difference between OA and UA at the carboxyl terminal being inserted into the β-CD.

Discussion
==========

Cyclodextrins (CDs) represent one of the most commonly complexing agents used in the pharmaceutical industry because they are inexpensive and friendly to humans as well as the capability of improving the physical, chemical and biologic properties of bioactive molecules, especially those extracted from plants^\[^[@R42]^\]^. In this study, the continuous variation method demonstrates that the inclusion complexation of isomeric triterpenic acids, namely UA and OA, with β-CD had 1:1 stoichiometry ratio.

^1^H NMR and UV studies confirm the formation of inclusion of β-CD with UA and OA in liquid state simultaneously. The chemical shift of^1^H NMR spectroscopy indicates that the ring E both in UA or OA molecules strongly interacted with the CD cavities and the drugs had inserted into the CD cavity. Furthermore, the changes in the UV absorption spectra also display the formation of inclusion complex between drugs with β-CD, and the K values for UA-β-CD system were slightly higher than that of OA-β-CD system, which means that UA formed a more stable inclusion complex with β-CD.

The linearity of phase-solubility profile suggested A ~L~-type system and was characteristic of 1:1 soluble complex formation in solution. The solubility of UA and OA in presence of β-CD was increased with an increase in temperature. This resulted in an increase in the slope of solubility curve, which may be attributed to the release of water molecules bound in the β-CD cavity at higher temperatures.

In the optimized formulation, the drug loading of OA-β-CD was far above which of UA-β-CD, which probably owed to that OA was slightly soluble in water, whereas UA was almost insoluble in water. For that reason, we change the preparation medium to be ammonia water (1:10, V/V). Predictably, the drug loading were obviously increased, which was 13.41% in OA-β-CD and 14.73% in UA-β-CD.

The computational study demonstrates that the most stable structures for both OA-β-CD and UA-β-CD were to have the orientation I in which the carbonyl group was located within the CD cavity through intermolecular hydrogen bonds. The interaction energy of β-CD with UA was higher than that of β-CD with OA in aqueous solution (gas phase), which indicates that the interaction of β-CD with UA was more stable than that between β-CD and OA, which was in good correction with those observed by experimental methods. In addition, the hydrogen boning interactions between β-CD with UA were stronger than those between β-CD and OA.

In conclusion, the inclusion complexation of isomeric triterpenic acids, namely UA and OA, with β-CD has been theoretically and experimentally characterized in this study. Formation of OA-β-CD and UA-β-CD inclusion complexes in liquid state has been confirmed using UV and^1^HNMR, and the binding constant (K) value is calculated using BH equation. The inclusion ratio of drug and β-CD is established as 1:1 (mol/mol) by phase solubility study and the negative free energy changes indicate that the two inclusion complexation processes are spontaneous. Moreover, DSC and XRD analysis of solid complex supports the formation of host-guest inclusion complex between β-CD with OA and UA. The energetically favorable complex obtained by molecular docking study agrees with the mode of inclusion process predicted through experimental observations.
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